ABSTRACT. Liver fatty acid-binding protein (L-FABP) and liver bile acid-binding protein (L-BABP), in the liver intra-cytoplasm of chicken, are members of the fatty acid-binding protein subfamily. This study was designed to analyze and compare L-FABP and L-BABP expression levels between fat and lean lines in chicken liver tissue, and to determine the relationship between their expression and lipid metabolism. Realtime polymerase chain reaction (PCR) and Western blotting were used to detect the mRNA and protein expression in liver tissue between the lean and fat lines. Real-time PCR showed that L-FABP mRNA expression in fat male chickens was higher than that in lean male chickens at 2, 3, 4, 5, 6, and 10 weeks of age (P < 0.05), and L-BABP mRNA expression in fat male chickens was higher than that in lean male chickens at 1, 2, 3, 4, 8, and 10 weeks of age (P < 0.05). Western blotting showed that the L-FABP protein expression in fat male chickens was higher than that in lean male chickens at 3, 5, 6, and 7 weeks of age (P < 0.05), and L-BABP protein expression in fat male chickens was higher than that in lean male chickens at 3, 4, 5, and 6 weeks of age (P < 0.05). These results suggested that chicken L-FABP and L-BABP affect abdominal fat deposition through differences in their expression level, and the possible Expression of chicken L-FABP and L-BABP mechanism is that a high expression level of L-FABP and L-BABP leads to a high lipogenesis rate and, ultimately, to lipid deposition.
INTRODUCTION
Fatty acid-binding proteins (FABPs) belong to a superfamily of lipid-binding proteins that exhibit a high affinity for long-chain fatty acids and appear to function in the metabolism and intracellular transportation of lipids. They transport fatty acids from the plasma membrane to the sites of fatty acid oxidation and fatty acid esterification into triacylglycerols or phospholipids, or to the nucleus for possible regulatory functions. Tissues with high rates of fatty acid (FA) metabolism, such as intestine, liver, adipose, and muscle, have high levels of FABP that parallel FA uptake and utilization (Storch and Corsico, 2008) . In avian species, lipogenesis takes place primarily in the liver, accounting for 95% of the de novo FA synthesis, and there is a general assumption that almost all the fat that accumulates in broiler adipose tissue is synthesized in the liver (Griffin et al., 1992) . Two types of intracellular lipid-binding proteins are abundant in the avian liver; the liver fatty acid-binding protein (L-FABP) and the liver bile acid-binding protein (L-BABP), formerly called the liver "basic" fatty acid-binding protein (Lb-FABP) (Murai et al., 2009 ).
L-FABP was first discovered in the liver and expressed as an abundant gene product in differentiated enterocytes and hepatocytes (Gordon et al., 1985; Hertzel and Bernlohr, 2000; Murai et al., 2009 ). L-FABP has a broad fatty acid-binding specificity, especially with high affinity for long-chain polyunsaturated FAs. L-FABP also binds to other hydrophobic ligands, including cholesterol and bile acids (Norris and Spector, 2002; Newberry et al., 2009) . Numerous studies of L-FABP have strongly suggested that it plays an important physiological role in hepatic lipid disposal and in the metabolic utilization of FAs (Atshaves et al., 2004 (Atshaves et al., , 2005 Martin et al., 2006 Martin et al., , 2009 Wang et al., 2006; Newberry et al., 2009; Gao et al., 2010; He et al., 2012) . It is also involved in partitioning of FAs to different metabolic pathways (Storch and Corsico, 2008) and delivery of peroxisome proliferator-activated receptor ligands to the nucleus and the resulting modulation of target-gene expressions (Wolfrum et al., 2001) . L-BABP is another kind of FABP in chicken liver, which shows higher amino acid sequence similarity to mammalian ileal-type FABP than that of L-FABP, and was formerly named liver basic type FABP (Sewell et al., 1989; Sams et al., 1991; Ceciliani et al., 1994) . So far, L-BABP has never been found in mammalian species, but it has been identified and characterized in some vertebrates including fish, amphibians, reptiles, and birds (Ceciliani et al., 1994; Di Pietro et al., 1996 Córdoba et al., 1999; Denovan-Wright et al., 2000; Ko et al., 2004; Jordal et al., 2006) . Recent research on the structure of the L-BABP crystal showed that the capacity of L-BABP for binding to long-chain fatty acids is weak, but is strong for bile acid (Schievano et al., 1994; Beringhelli et al., 2001; Guariento et al., 2008) , which is consistent with the presumption that the main function of L-BABP is to transport bile acids rather than fatty acids in chicken (Nichesola et al., 2004; Capaldi et al., 2006) .
Although the role of mammalian L-FABP in fatty acid metabolism and the binding characteristics of L-BABP have been well studied, the true physiological functions of these proteins in the avian have not been fully clarified. The current study was designed to detect the expression difference of the two FABPs in liver tissue between fat and lean birds, and to pro-Q. Zhang et al. vide the basic information for studying the role of these proteins in the regulation of fatty acids.
MATERIAL AND METHODS

Experimental animals
Ninety male chickens from the 11th generation population, and 60 male chickens from the 14th generation population of the Northeast Agricultural University broiler lines divergently selected for abdominal fat content were used in this study and their abdominal fat percentage (AFP) was calculated (Shi et al., 2010; Guo et al., 2011) . The fat and lean chickens used were the offspring of the families with the highest AFP or the lowest AFP according to their slaughtered sibling information, respectively. All chickens were kept under the same environmental conditions and had free access to feed and water. Commercial corn-soybean-based diets that met all National Research Council requirements were provided to the birds. From hatching to 3 weeks, the birds received a starter feed [210 g/kg crude protein (CP) and 3000 kcal metabolizable energy (ME)/kg], and from 4 weeks to slaughter, they were fed with a grower diet (190 g/ kg CP and 3100 kcal ME/kg). All animal work was conducted according to the guidelines for the care and use of experimental animals established by the Ministry of Science and Technology of the People's Republic of China (Approval No. 2006-398) , and was approved by the Laboratory Animal Management Committee of Northeast Agricultural University.
Construction of chicken L-FABP and L-BABP eukaryotic expression vector
Chicken abdominal liver tissue was collected and homogenized in 1 mL Trizol reagent (15596-026; Invitrogen, Carlsbad, CA, USA), and total RNA was extracted according to the directions of the manufacturer. The concentration of RNA was estimated by measuring the absorbance at 260 and 280 nm by UV spectrophotometry (Ultrospec 1000; Biochrom Ltd., Cambridge, UK). Reverse transcription was performed according to the instruction of the ImProm-II TM Reverse Transcriptase Kit (A3803; Promega, Madison, WI, USA). The coding regions of the chicken L-FABP and L-BABP genes were amplified by PCR using chicken L-FABP and L-BABP specific primers (LBF: 5'-cg gga ttc cg CAT AAT GGC ATT CAG TGG-3'; LBR: 5'-cg gcggccgc g TCA CAA AGA AGG TGA TCT G-3'; LFF: 5'-ga gga tcc ATG AGC TTC ACT GGA AAG TAC G-3'; LFR: 5'-cg ctc gag CAT GCA GGG TCT CTA GAT TCT CT-3'). The PCR products were digested with the corresponding restriction site endonucleases and then inserted into the pcDNA3.1 vector (Invitrogen) to construct the pcDNA3-L-FABP and pcDNA3-L-BABP plasmids.
L-FABP and L-BABP antisera specificity analysis
To detect the specificities of L-FABP and L-BABP antisera, the pcDNA3-L-FABP and pcDNA3-L-BABP plasmids were transfected into a DF1 cell line according to the directions for Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection, cultured DF1 cells were collected and washed with PBS. Aliquots of detergent-solubilized cells were separated by 10% SDS-PAGE and transferred to two Immun-Blot PVDF membranes (Millipore, Billerica, MA, USA). The two membranes obtained after protein transfer included total protein After blocking of nonspecific binding, one of the membranes was immunoblotted with the rabbit anti-chicken L-FABP antiserum (1:3000) (Shi et al., 2008) for 1 h at room temperature, and the other membrane was immunoblotted with the rabbit anti-chicken L-BABP antiserum (1:3000) (Zhang et al., 2011) for 1 h at room temperature. After a wash with PBS containing 0.05% Tween-20, each membrane was immunoblotted with peroxidase-conjugated AffiniPure goat anti-rabbit IgG (H+L) (1:5000; ZB-2301; ZSGB-Bio, Beijing, China) for 1 h at room temperature. Finally, the immunoreactive protein on the membrane was visualized using enhanced chemiluminescence and was exposed to X-ray film (Bio-Rad, Hercules, CA, USA).
mRNA expression levels of chicken L-FABP and L-BABP between fat and lean male chickens
Chickens from the 14th generation population were slaughtered at 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 weeks of age, respectively, and liver tissues were isolated, immediately frozen in liquid nitrogen, and stored at -80°C. There were six samples for each week, with three chickens from the fat line and three chickens from the lean line, and the AFP was calculated. Total RNA was extracted from the chicken liver tissue by using a Trizol reagent kit (Invitrogen) according to the recommendations of the manufacturer. Reverse transcription was performed according to the directions of the TaKaRa RNA PCR Kit (version 3.0; TaKaRa). Real-time reverse-transcription PCR was used to detect L-FABP and L-BABP expression levels by using SYBR Premix Ex Taq (TaKaRa) with the L-FABP and L-BABP primers (LFF: 5'-GCA GAA TGG GAA TAA GTT-3'; LFR: 5'-TTG TAT GGG TGA TGG TGT-3'; LbF1: 5'-CCT CCA TAA TGG CAT TCA GT-3'; LbR1: 5'-AGT AGT AAT GTC AGC CTC TTT-3'), respectively. Chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was chosen as the internal reference and was detected with GAPDH primers (GF: 5'-AGA ACA TCA TCC CAG CGT-3'; GR: 5'-AGC CTT CAC TAC CCT CTT G-3'). Each reverse-transcribed reaction product (1 µL) was amplified in a 20-µL PCR system. Reaction mixtures were incubated in an ABI Prism 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA) programmed to conduct 1 cycle at 95°C for 10 s and 40 cycles at 95°C for 5 s and 60°C for 34 s. Dissociation curves were analyzed by the Dissociation Curve 1.0 software (Applied Biosystems) for each PCR to detect and eliminate possible primer-dimer artifacts. Results of real-time PCR were expressed as the relative quantity of L-FABP/GAPDH and L-BABP/GAPDH, respectively.
Protein expression levels of chicken L-FABP and L-BABP between fat and lean male chickens
Chickens were slaughtered at 2, 3, 4, 5, 6, 7, 8, 9 , and 10 weeks of age (11th generation population) and at 1, 2, 3, 4, 5, 6, 7, 8, 9 , and 10 weeks of age (14th generation population), respectively, and liver tissues were isolated, immediately frozen in liquid nitrogen, and stored at -80°C. For the 11th generation population, there were 10 samples for each week, with five chickens from the fat line and five chickens from the lean line, and the AFP was calculated. Samples from the 14th generation population were the same as those used for the detection of mRNA expression level.
Livers were dissected and washed in ice-cold PBS, minced, and homogenized at 4°C in ice-Q. Zhang et al. cold radioimmunoprecipitation assay buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1% NP40, 0.1% SDS, and 0.5% sodium deoxycholate) with the addition of the protease inhibitor phenylmethylsulfonyl fluoride (BY12203; Sigma, St. Louis, MO, USA), and then centrifuged at 2300 xg for 20 min at 4°C to obtain total protein. The total protein was mixed with standard SDS-PAGE gelloading buffer, heated at 100°C for 5 min, and then separated by 12% SDS-PAGE and transferred to an Immun-Blot polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). For each sample, 40 µg total protein was used to analyze the expression levels of L-FABP, L-BABP, and GAPDH. L-FABP and L-BABP expression levels were analyzed using the L-FABP and L-BABP antisera and peroxidase-conjugated AffiniPure goat anti-rabbit IgG (H+L) (ZB-2301; ZSGB-Bio).
Mouse anti-chicken GAPDH antibody (AG019; Beyotime Institute of Biotechnology, China) and peroxidase-conjugated AffiniPure goat anti-mouse IgG (H+L) (ZDR-5307; ZSGB-Bio) were used to detect GAPDH. Immunoreactive protein levels were determined semiquantitatively by densitometric analysis, using a laboratory imaging and analysis system (CA 91786; UVP, Upland, CA, USA). Results were expressed as the relative quantity of L-FABP/GAPDH and L-BABP/GAPDH.
Statistical analysis
Data from mRNA and protein quantification from each of the 11th and 14th generation populations were subjected to the t-test. The mRNA and protein quantification integrated data from the 11th and 14th generation populations were analyzed by the GLM procedure of SAS version 6.12 (SAS Institute Inc., Cary, NC, USA). Data are reported as means ± SD. Difference was considered significant at P < 0.05, unless otherwise specified.
RESULTS
Specificity of L-FABP and L-BABP antisera
Western blot analysis showed chicken L-FABP to be visible as a band of about 14 kDa, both in the DF1 cells transfected with pcDNA3-L-FABP and in chicken liver tissue, but it showed no signal in the DF1 cells transfected with pcDNA3-L-BABP ( Figure 1A) . The L-BABP protein was also identified by its specific antiserum. It was visible as a band of approximately 12 kDa, both in the DF1 cells transfected with pcDNA3-L-BABP and in chicken liver tissue ( Figure 1B) . These results showed that each of the antisera can specifically recognize its corresponding protein.
mRNA expression differences of L-FABP and L-BABP between fat and lean lines
Real-time reverse-transcription PCR was used to detect L-FABP and L-BABP mRNA expression in liver tissue between fat and lean chickens. The results showed that there was significant difference in the mRNA expression of L-FABP between fat and lean chickens. The mRNA expression levels of fat chickens were much higher than those of lean chickens at 2, 3, 4, 5, 6, and 10 weeks of age (Figure 2) . A joint analysis across weeks showed that the L-FABP mRNA expression in fat lines was 1.69-fold (P < 0.05) that of lean lines. L-BABP mRNA expression was also significantly different between fat and lean chickens, with expression in fat chickens being much higher at 1, 2, 3, 4, 8, and 10 weeks of age (Figure 3) . A joint analysis across weeks showed that the L-BABP mRNA expression level of fat lines was 1.45-fold (P < 0.05) that of lean lines. 
Protein expression levels of L-FABP between fat and lean lines
L-FABP protein expression was detected by western blot analysis (Figure 4) . The results showed that L-FABP expression in fat chickens was higher than that in lean chickens at 7 weeks of age (P < 0.05), but was lower at 9 weeks of age (P < 0.05). Differences at other ages were found to be not significant in the 11th generation population (Figure 5 ). In the 14th generation, western blot results showed that there was a significant difference of L-FABP protein in liver tissue between fat and lean chickens. L-FABP expression in fat chickens was higher than that in lean chickens at 3, 5, 6, 7, and 10 weeks of age (P < 0.05). For the other ages, no significant difference was detected (Figure 6 and 7) . Combined results of the 11th and 14th generation populations showed that there was a significant difference of L-FABP protein in liver tissue between fat and lean chickens. The L-FABP expression in fat chickens was higher than that in lean chickens at 3, 5, 6, and 7 weeks of age (P < 0.05) (Figure 8) . A joint analysis across weeks and generations showed that the L-FABP protein expression in fat lines was 1.16-fold (P < 0.05) that of lean lines. 
Protein expression levels of L-BABP between fat and lean lines
L-BABP protein expression was detected by western blot analysis (Figure 9) . The results showed that the L-BABP protein expression in fat chickens was higher than that those in lean chickens at 3, 4, and 6 weeks of age (P < 0.05), but the expression levels in fat chickens were lower than those in lean chickens at 10 weeks of age. There was no significant difference at the other time points in the 11th generation population (Figure 10 ). In the 14th generation, the L-BABP protein expression in fat chickens was higher than that in lean chickens at 4 and 8 weeks of age (P < 0.05), but with no significant difference at the other times (Figure 11 and 12). The combined results of the 11th and 14th generations showed that there was significant difference in L-BABP protein in liver tissue between fat and lean chickens, with the L-BABP expression in fat chickens being higher than that in lean chickens at 3, 4, 5, and 6 weeks of age (P < 0.05) (Figure 13) . A joint analysis across weeks and generations showed that the L-BABP protein expression in fat lines was 1.21-fold (P < 0.05) that of lean lines. 
DISCUSSION
FABPs are members of a conserved multigene family that evolved over approximately one billion years by subsequent duplications of an ancestral gene, thereby generating a large number of tissue-specific homologs (Storch and Corsico, 2008) . The FABP specific occurrence in certain tissues or cells possibly results from adaptation to specific cellular needs. In avian species, L-FABP and L-BABP are two types of intracellular lipid-binding proteins in the liver. Based on the 39% homology of amino acid sequences between chicken L-FABP and L-BABP (Murai et al., 2009) , the specificities of the L-FABP and L-BABP antisera were tested by western blot analysis to avoid the presence of immune cross-reactivity between them. The result showed that each antiserum could recognize its corresponding protein, with no immunological cross-reaction. The antisera can therefore be used to detect the levels of L-FABP and L-BABP expression.
The result of our present study showed that there was significant difference between the fat and lean chickens in mRNA and protein expression levels of L-FABP in liver tissue. It was noted that there were significant differences of AFP between fat and lean male chickens from 2 to 10 weeks of age (Shi et al., 2010; Guo et al., 2011) . The expression pattern of L-FABP was consistent with the difference of the chicken abdominal deposition at most time points tested. Thus, the differential expression of L-FABP could be associated with fat deposition in the chicken. L-FABP has been hypothesized to be involved in liver lipid transport and lipoprotein metabolism. L-FABP null mice showed decreased fatty acid-binding capacity in the cytosol, which resulted in significantly reduced intracellular triacylglycerol deposition (Martin et al., 2003; Newberry et al., 2009) . The transcription of the L-FABP gene and that of the microsomal triglyceride transfer protein, which is known to be required for hepatic verylow-density lipoprotein (VLDL) production and intestinal chylomicron synthesis, were both recently shown to be coordinately regulated by PPAR-α. Involvement of L-FABP in hepatic VLDL production is suggested by the observation that L-FABP knockout prevents hepatic steatosis. This result also showed that ablation of the L-FABP gene decreases the synthesis of VLDL in liver (Spann et al., 2006) . Therefore, we speculated that a high expression of chicken L-FABP in fat lines increases the rate of FA and VLDL synthesis and leads to abdominal fat mass deposition accordingly.
L-BABP is another intracellular lipid-binding protein in the chicken liver. L-BABP mRNA and protein are each only expressed in the liver, where cholesterol is divided into bile acids (Zhang et al., 2011) . A recent study on the L-BABP crystal structure showed that L-BABP is more likely to function as a bile acid transporter than as a fatty acid transporter (Nichesola et al., 2004; Guariento et al., 2008) . Bile acids play an important role in dietary fat digestion and absorption (Kramer et al., 1998) . Our results clearly showed that there was higher L-BABP protein and mRNA expression in the fat line than in the lean line. We speculate that a high L-BABP expression in the fat line could increase dietary fat absorption through regulating bile acid transport and ultimately lipogenesis and deposition.
The difference of abdominal deposition between fat and lean chickens showed a rapid upward trend at 2 to 6 weeks of age for the 11th generation, and at 1 to 5 weeks of age for the 14th generation population. Interestingly, the difference in expression of the two genes was mainly during these periods, whether of mRNA or protein. Thus, we speculate that the two genes are very important for chicken lipid metabolism. However, the result of our present study showed that there was significant difference in AFP between fat and lean chickens between 2 and 10 weeks of age, but the difference at the other times was not significant between the fat and lean male chickens. In other words, the difference between L-FABP and L-BABP expressions and AFP is inconsistent at some time points tested. In fact, lipogenesis and deposition are complicated processes that are related to multiple genes and pathways. The results of the chicken liver tissue expression profile revealed that many genes involved in FA transport and degradation, such as Apo-AI, PPAR-γ, APOVLDL-II lipoprotein, and the FABP family, were differentially expressed in liver tissue between fat and lean lines . L-FABP and L-BABP probably only make a partial contribution to the deposition of abdominal fat tissue. In the current study, the mRNA expression levels of L-FABP and L-BABP in liver tissue were not accompanied overall by parallel changes in their protein expression level. We presume that the expressions of chicken L-FABP and L-BABP are related with posttranscriptional modification.
In summary, our study confirmed that there is significant differential expression of chicken L-FABP and L-BABP between fat and lean chickens. The possible mechanism of L-FABP-regulated abdominal fat deposition is that a high expression of L-FABP induces a high rate of FA and VLDL synthesis and leads to an increased abdominal fat mass accordingly. High L-BABP expression in the fat line could increase dietary fat absorption and ultimately lipogenesis and deposition. However, the precise mechanisms by which L-FABP and L-BABP regulate the development and growth of chicken abdominal fat tissue need to be investigated further.
